Abstract
Introduction
Sheet metal forming is an important manufacturing process used for automobile body and aircraft component production as well as for household washers, dryers and refrigerators. To ensure part quality, inspection to verify adherence to both strain and geometry criteria is important. Conventionally, these two criteria are separately measured, and results are therefore difficult to correlate.
Laboratory strain testing is frequently performed using test domes. Prior to forming, a grid is applied to the sheet metal surface. The dome is then formed and the grid distortion measured.
If only strain information is required a transparent tape or handheld CCD camera system can be used. Geometry information requires a tabletop system or equivalent. Conventionally, geometry for larger manufactured parts is measured by taking the part to an isolated Coordinate Measuring Machine (CMM) room and using a touch trigger probe, but strain measurement using this method is inconvenient. For press shop floor use, a preferred solution is to use a portable FARO arm, but close-up stereo vision is required to achieve acceptable accuracy.
Design of such a close-up stereo vision sensor and sheet metal inspection system is the topic of this paper. The sensor was designed for use on either a CMM or a FARO arm, and has an accuracy comparable to other less agile systems. Measured results are conveniently displayed using Forming Limit Diagrams (FLDs) and colour 3-D thickness strain plots. HOOPS graphics provides platform portability and supports visualization using ordinary displays as well as 3-D shutter glasses and anaglyphs.
The remainder of the paper is organized as follows. Section 2 presents technical background material on strain measurement and analysis. Section 3 describes the stereo vision sensor design. Section 4 details the image processing algorithms. Experimental results obtained with the system are presented in Section 5. Section 6 discusses the achievements to date, and suggests avenues for continuing investigation. Conclusions are presented in Section 7.
Strain Measurement and Analysis
The strain characteristics of a particular material are conveniently represented using a Forming Limit Diagram (FLD) (Figure 1 ) [1] that is obtained from the supplier. Major/minor strains in Zone C, above the Forming Limit Curve (FLC) are unacceptable, and will result in tearing or wrinkling. Zone B is marginal. Normal production requires that the part strains remain in the safe Zone, A.
Typically, experimental strain measurement begins with electrochemical etching or screen printing of a regular circle or square grid on the undeformed sheet metal. The part is then formed into a test dome (Figure 2) , and the distorted grid is measured. For circle grids, direct measurement can be made using a graduated, transparent Mylar® tape ( Figure 3) [2] or a hand held CCD camera and associated software ( Figure 4 ) [3] . Simultaneous geometry measurement requires a tabletop system ( Figure 5 ) [4] consisting of a rotary table and fixed camera. The dome is imaged from several viewpoints to reconstruct the 3-D geometry.
For larger manufactured parts, geometry is measured using a touch trigger probe equipped Coordinate Measuring Machine (CMM) located in an isolated room. More rapid geometry measurement is possible using active laser triangulation line digitizers ( Figure 6 ), and extension to use the digitizer gray level signal has previously been reported [5] . For example, for the tailor welded steel dome (Figure 2 (Figure 7(a) ) was computed using the major/minor true strain equations,
where L 1 is the ellipse major axis length, L 2 is the minor axis length, and L 0 is the undeformed circle diameter. Based on conservation of material volume, the thickness strain is simply computed using (Figure 8 ) [6] . This solution is acceptable for geometry measurement, but does not provide the high resolution, uniform sample point spacing required for strain analysis. As well, current sensor units are too heavy for an operator to hold for long time periods. A more agile alternative for stamping press shop floor use is close-up computer stereo vision. 
Sensor Design
Computer stereo vision is a well researched topic. The basic concept is to image a scene from two (or more) viewpoints, extract features, match features common to multiple viewpoints, and calculate the 3-D position. A familiar geographical application is photogrammetry, in which aerial photographs are processed to produce topographical maps.
The sheet metal application considered herein requires a much finer resolution, and hence close-up stereo vision was used. A typical grid size is 2.54 mm, and, for high CMM measurement accuracy, it is desirable to measure strain to approximately 0.1 percent, requiring (after anticipated subpixel accuracy correction) 0.003 mm resolution. Affordable CCD cameras have a 1024 768 × resolution, resulting in a 32 mm 24 mm × image area. For the Point Grey IEEE 1394 Dragonfly 8 bit grey level CCD cameras used [7] , the square (diagonal) pixel pitch is 0.00465 mm (0.00658 mm) -the diameter of the blur spot ' u [8] . Using a 12 mm f = focal length Cosmicar/Pentax , and hence the in focus near and far field limits, found from ( Figure 9 ), are respectively: are acceptable values for a CMM mounted sensor. Figure 10 (a) shows a sketch of the stereo vision sensor with outer dimensions labeled. The stereo vision head is roughly 136 mm by 79 mm, without lenses, when the lenses are at an angle of 20 degrees with the vertical. The assembled unit is seen in Figure  10 (b).
Initially the stereo vision sensor was designed to be used on a CMM with a Renishaw PH10M motorized probe head system, connecting via Renishaw's PAA1 Autojoint to M8 adaptor. The Autojoint system allowed for simple and repeatable connection of the sensor to the CMM. The PH10 is designed to be used with touch trigger probes, and as such is able to relay an electrical signal from the probe head to the CCM to coordinate point capture with scale recording electronics.
The sensor design incorporated electronics to similarly coordinate image capture with scale recordings, with the trigger to the CMM being sent from an output signal incorporated into the camera circuitry. The primary concerns for this initial sensor system were light weight, due to the torque limitations of the PH10M probe head, and adjustability of all dimensions to be able to find the optimal camera positions.
The stereo vision sensor was made primarily from aluminum for light weight and high strength, with Delrin plastic being used for some components for the combination of its light weight and its insulating properties. The Delrin also separated the cameras from the CMM electrically. All dimensions of the system can be adjusted, including the distance between camera lenses and their relative angles in both axes. The sensor system attaches to the PAA1 adaptor with an M8 threaded rod, which is electrically isolated from an insert centered within the rod to be able to control the capture signal sent to the CMM. A photograph of the sensor, mounted on the CMM, is shown in Figure 11 .
Image Processing

Camera Calibration
The camera calibration procedure is based on Zhang [9] . A 30 mm × 20 mm reference plane with a near perfect 2.54 mm pitch lithographically produced grid was used. The grid plane was oriented to 9 different positions, and was simultaneously imaged by both cameras. The grid line intersections (vertices) were detected and used to determine two Homogeneous Transformation Matrices (HTMs) that relate each Camera Coordinate Systems (CCS) to an overall sensor Stereo Coordinate System (SCS).
The cameras are translated by CMM axis motion, and rotated using the PH10 pan and tilt capability. Hence, the SCS point coordinates must be translated yet again into a Global Coordinate System (GCS) using registration. For any pair of PH10 poses, the registration transformation that accomplishes this consists of the rotation matrix 3 Pennec's iterative mean shape method [11] was used to minimize the accumulated error for 2 N > poses. Laboratory calibration was carried out using a 150 mm diameter dome shaped part having the same lithographically produced grid described above.
Grid Intersection Detection
Grid intersection detection for the stereo CCD camera solution was implemented in 4 sequential steps: 1) noise reduction and gradient image calculation; 2) region segmentation and merging; 3) boundary processing; and 4) 3-D reconstruction. The procedure is illustrated using the original picture shown in Fig. 12 .
The first image processing step was to remove high frequency noise using a Gaussian filter [12] . To emphasize the grid edges, a 3 3 × Sobel mask is then used.
To detect the grid intersection vertices, the images must be segmented into separate regions corresponding to each individual grid element. This task was accomplished using the circular disk dilation [13] method. The method begins by removing small (<300 pixel), noisy areas ( Fig. 13(a) ), and then dilating the remaining boundaries outward using a circular disk (radius 15 pixels) ( Fig. 13(b) ). Circular disk erosion (radius 15 pixels) is then performed to restore the original boundaries, but with the effect of filling in small missing portions (Fig. 13(c) ). Black/white complementing is then performed, and regions that are too small (<2000 pixels) or too large (>6500 pixels) are eliminated ( Fig. 13(d) ).
After merging, the region boundaries are traversed with the highest curvature (k-curvature) being used to locate the 4 boundary points [12] (Fig.  13(e) ). The centerline of the edge between regions, and between boundary points, is then computed using the Chamfer 3-4 distance metric [14] (Fig. 13(f) ).
Finally, the vertices of 4 adjacent regions are used to define a local coordinate system, and parabolas are then used to refine the vertex intersection coordinates to sub-pixel accuracy ( Fig. 13(g,h) ).
After all of the above 2-D steps have been completed, vertices in the left and right images are rectified [15] to reduce the matching search space to one dimension, and then matched using triangulation to obtain the corresponding 3-D SCS vertex.
Strain Analysis
Strain analysis for the square grid can then be carried out using the procedure described in [16] . Briefly, each square is divided into 2 separate triangles, with a local coordinate system origin established at the middle vertex. On the undeformed sheet, the edge vertices will be located at coordinates ( )
, X Y and ( ) 2 2 , X Y . After forming, the middle vertex is maintained at the origin, and, applying a constant, to the edge vertices results in the linear systems:
where ( ) 
can now be solved for F . The eigenvalues 1,2 λ of F can be computed using the Singular Value Decomposition (SVD), and satisfy the relationship 
HOOPS Visualization
Manufacturing problems are often of an urgent nature, and therefore it is essential that inspection data be easily interpreted so that corrective action can occur quickly. For this application, the HOOPS 3-D Application Framework [19] was used. During stereo matching, grid vertices are automatically inserted into a data structure that links neighbours. Displaying a wire mesh visualization of the 3-D part surface is a simple matter of drawing line segments between vertex neighbours. Colour strain plots are created by joining three vertices to form a solid triangular shell surface. The scalar thickness strain is then rendered using a "temperature plot" interpolation.
Experimental Results
The stereo CCD camera solution was tested on an electrochemically etched steel test dome, and a screen printed aluminum test dome. In both cases, a 2.54 mm pitch square grid was applied before forming.
For the steel test dome (Fig. 14(a) ), 25 orientations of the PH10 probe head were used, and 170 separate stereo views of the part were captured. Using an Intel 1.6 GHz computer, 49 hours was required for image processing. Over half of the time was spent on iterative orthogonal least square parabola fitting, and this is due to the very high resolution of pixels.
A 3-D plot of the reconstructed grid, containing approximately 6,000 matched vertices, is shown in Fig. 14(c) . After global registration, the maximum distance between corresponding points was less than 20 µm . Less than one minute of additional computer processing time was required for the strain analysis step, and the plotted results are shown in Fig. 14(e).
For the aluminum sheet ( Fig. 14(b) ), 70 stereo views were captured, and image processing time was 19 hours. A 3-D plot is shown in Fig. 14(d) . The strain plot is shown in Fig. 14(f) .
Discussion
Uncertainty estimates for competing systems are summarized in Table 1 .
For comparison with competing methods, an estimate of the uncertainty of the stereo vision system is a key metric. To investigate this, a precise grid was printed onto a flat aluminum newspaper printing sheet ( Fig. 15(a) ). The sheet was imaged from 12 different poses, and the lengths of the 15 circled line segments were calculated using the stereo camera algorithms, and compared to 0.005 mm resolution optical microscope measurements. A histogram of the stereo lengths with respect to their corresponding means is shown in Fig.  15(b) . This distribution is Gaussian, with a two standard deviation ( 2σ ) of 0.0016 mm, and hence the uncertainty for a point in a single view is 0.0016 / 2 0.0011 mm = .
Including the CMM volumetric errors, the 2σ uncertainty is estimated to be 0.017 mm. The nominal strain accuracy for a 2.54 mm square grid is 0.06 %, which is better than the design goal.
As mentioned earlier, the primary disadvantage of using laser digitizers for strain analysis is that they are line acquisition devices, and must be moved at a constant speed to acquire evenly spaced points. Motorized orthogonal axis CMMs support this, but installation on a FARO arm does not. For these devices, the stereo CCD camera solution, which records an area with each acquisition, is preferred. Multiple line laser digitizers allow more dense data collection, but the grey levels would differ for each beam, making binary thresholding impossible.
With suitable lens choices and a robust mounting enclosure, installation of the stereo vision sensor on the FARO arm or even an industrial robot would be very practical. These devices tend to have larger intrinsic geometric errors, and using the square grid vertex pattern makes it very easy to implement global registration. However, curvature information between the grid vertices is lost. Speckle based methods ( Figure 16 ) [18] offer a solution for this, but require before and after images for correlation.
With sufficient accuracy, a frameless handheld unit ( Figure  17 ) [17] , with the stereo vision sensors replacing the laser digitizer, has much promise.
The large number of digitized points requires significant data processing time. Much of this can be eliminated by fitting the parabolas to only a fraction of the grid line sample points. For real time display of the area scanned, approximate vertex finding can be used, with more exhaustive analysis being performed offline. Specular reflection from shiny metal surfaces is often an issue. For the work reported herein the steel was galvanized and this was not a significant problem. Polarizing filters, and careful control of ambient lighting, are topics for further research. For geometric digitizing applications other than strain analysis, structured light could also be used instead of etching a grid onto the part.
Conclusions
This paper has presented the design and implementation of a stereo computer vision sheet metal geometry / strain analysis system suitable for installation on a Coordinate Measuring Machine or portable FARO arm. Accuracy is comparable to other methods, including laser digitizers. Results from test dome measurements demonstrated the system capability, including 3-D graphics visualization. Continuing work is planned to robustly package the sensor, reduce image processing time, and to improve display graphics.
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